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INTRODUCTION
The sarcolemma of vertebrate skeletal muscle includes two
specialized functional domains: the neuromuscular junction
(NMJ) and the myotendinous junction (MTJ). The NMJ is a
site of cell-cell communication where the nerve terminal
interacts with muscle to initiate contraction. The MTJ is a site
of cell-extracellular matrix (ECM) interaction where the
mechanical force generated by myofibrillar contraction is
transmitted to the tendon and then to the skeleton. These spe-
cialized sarcolemmal domains are marked by elaborate struc-
tural and molecular specializations. At the NMJ, the postsy-
naptic membrane is invaginated to varying degrees and
nicotinic acetylcholine receptors (AChRs) are clustered at the
apical portion of the postsynaptic folds (Hall and Sanes, 1993).
An array of peripheral membrane proteins is assembled at the
postsynaptic membrane, and the synaptic cleft is occupied by
a specialized ECM. The MTJ is marked by deep membrane
invaginations where tendon microfibrils adhere to the sar-
colemma, and by the acumulation of an equally impressive
array of proteins both intra- and extracellularly, which partially
overlaps with that at the NMJ (Swasdison and Mayne, 1989;
Trotter, 1985; Tidball et al., 1986; Chen et al., 1990; Rochlin
et al., 1989). Although much effort has been devoted to under-
standing the biogenesis of the NMJ, little is known about the
cellular and molecular processes governing MTJ development. 
The function of the MTJ in integrating the transmembrane
interaction between myofibrils and the ECM as represented by
the tendon apparatus is analogous to that of focal adhesions in
cultured cells. At focal adhesions, bundles of actin filaments
insert into a specialized membrane domain where the cell
adheres to the ECM (Burridge et al., 1988). Many of the
proteins associated with focal adhesions, including integrin,
tensin, paxillin, talin and vinculin, are also localized at the MTJ
(Bockholt et al., 1992; Turner et al., 1991; Rochlin et al., 1989;
Tidball et al., 1986; Bozyczko et al., 1989; Chen et al., 1990;
Swasdison and Mayne, 1989; Shear and Bloch, 1985), and it
is possible that these structures share common features with
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Focal adhesion kinase is a recently characterized tyrosine
kinase that is concentrated at focal contacts in cultured
cells. It is thought to play an important role in the the reg-
ulation of the integrin-based signal transduction
mechanism involved in the assembly of this membrane spe-
cialization. In this study, we examined the immunocyto-
chemical distribution of focal adhesion kinase in Xenopus
skeletal muscle and its role in the formation of two sar-
colemmal specializations, the myotendinous junction and
the neuromusuclar junction, using a monoclonal antibody
(2A7) against this protein. Immunoprecipitation of
Xenopus embryonic tissues with this antibody demon-
strated a single band at a relative molecular mass of 116
kDa. A distinct concentration of immunolabeling for focal
adhesion kinase was observed at the myotendinous
junction of muscle fibers in vivo. At this site, the labeling
for this protein is correlated with an accumulation of phos-
photyrosine immunolabeling. Focal adhesion kinase was
not concentrated at the neuromuscular junction in muscle
cells either in vivo or in vitro. However, it was localized at
spontaneously formed acetylcholine receptor clusters in
cultured Xenopus myotomal muscle cells, although its dis-
tribution was not exactly congruent with that of the
receptors. In these cells, the accumulation focal adhesion
kinase was induced by polystyrene microbeads. In
addition, beads also induce the formation of acetylcholine
receptor clusters and myotendinous junction-like special-
izations. By following the appearance of the focal adhesion
kinase relative to the formation of these sarcolemmal spe-
cializations at bead-muscle contacts in cultured muscle
cells, we conclude that the accumulation of this protein was
in pace with the development of the myotendinous junction,
but occurred well after the clustering of acetylcholine
receptors. These results suggest that focal adhesion kinase
may be involved in the development and/or maintenance of
the myotendinous junction through an integrin-based
signaling system. Although it can accumulate at acetyl-
choline receptor clusters formed in culture, it does not
appear to be involved in the development of the neuro-
muscular junction. 
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respect to their development and function. At focal adhesions,
integrins mediate the transmembrane linkage between the
actin-based cytoskeleton and the ECM. Several proteins are
thought to serve structural roles as components of the
cytoskeleton at these sites (Burridge et al., 1988). Recently, a
putative regulatory protein, pp125 focal adhesion kinase
(FAK), has been described (Kanner et al., 1990; Schaller et al.,
1992). First identified as a 125 kDa substrate for tyrosine phos-
phorylation in Rous sarcoma-transformed chicken embryo
fibroblasts, FAK is a cytoplasmic, nonreceptor tyrosine kinase
that does not appear to be a member of the src family, in that
it does not possess discernible acylation sites or src homology
domains (SH2 and SH3), and may therefore constitute a new
tyrosine kinase subfamily (Schaller et al., 1992; Hanks et al.,
1992). Plating of fibroblasts on integrin ligands including
fibronectin and vitronectin results in increased tyrosine phos-
phorylation of pp125FAK, as well as phosphorylation of several
other proteins (Schaller et al., 1992; Hanks et al., 1992; Guan
and Shalloway, 1992; Kornberg et al., 1991), some of which
may be substrates for FAK (e.g. tensin and paxillin). This
results in the organization of the actin-based cytoskeleton and
the formation of focal adhesions. Therefore, FAK appears to
play a role, either directly or indirectly, in the signaling from
activated (ligand-bound) integrins to the cytoskeleton (Juliano
and Haskill, 1993; Zachary and Rozengurt, 1992). In addition
to its concentration at focal adhesions in culture, FAK is widely
expressed during development in vivo, and is also expressed
in skeletal muscle and in brain (Hanks et al., 1992; Turner et
al., 1993). In view of the analogy between the MTJ and focal
adhesions, it was of interest to us to examine whether
pp125FAK is expressed at the MTJ. 
Recent studies have also implicated the involvement of
tyrosine kinase activation during the development of the NMJ
(Qu et al., 1990). Tyrosine phosphorylation of the AChR as
well as nonreceptor proteins occurs in response to synapto-
genic stimuli in muscle (Wallace et al., 1991; Baker and Peng,
1993; Peng et al., 1993). We have used polystyrene
microbeads, either uncoated or coated with certain growth
factors, as a convenient, nerve-like stimulus to study the
mechanisms underlying the AChR clustering process in
cultured Xenopus muscle cells. Our studies suggest that these
beads activate specific peptide growth factor receptors to
stimulate the cells (Peng et al., 1991b; Baker et al., 1992). The
ability of beads to induce clustering is inhibited by a tyrosine
kinase inhibitor, suggesting that the bead stimulus induces
AChR clustering by a mechanism involving tyrosine phos-
phorylation (Baker et al., 1992; Baker and Peng, 1993; Peng
et al., 1991b). 
Recently we demonstrated that beads also induce MTJ-like
specializations, as shown by the development of deep
membrane invaginations at sites of bead-muscle contact, which
become associated with the termini of myofibrils, and by the
elaboration of a molecular specialization characteristic of the
MTJ of Xenopus muscle fibers in vivo, which includes talin,
vinculin, dystrophin and the 58K protein (Peng and Chen,
1992; Chen et al., 1990; Rochlin et al., 1989). The advantage
of this model is that it provides a simple spatially and tempo-
rally defined stimulus to induce the development of sarcolem-
mal specializations. 
In this study, the relationship of pp125FAK to the two sar-
colemmal specializations was characterized immunocyto-
chemically. The results indicate that FAK is a component of
the MTJ, but not the NMJ, in Xenopus muscle fibers in vivo.
The accumulation of FAK can be induced in cultured muscle
cells by beads. This bead-muscle co-culture system offers a
convenient method for studying the function of this protein
during the development of the MTJ specialization.
MATERIALS AND METHODS
Materials
Anti-FAK antibodies (2A7 mAb and BC3 polyclonal) were kindly
provided by Dr J. T. Parsons (University of Virginia, Charlottesville,
VA). Additional 2A7 mAb and 4G10 anti-phosphotyrosine (PY) mAb
were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY).
Cell lysates from transfected SF21 cells expressing recombinant FAK
and control nontransfected cell lysates were generous gifts from Dr
J.-L. Guan (Cornell University, Ithaca, NY). Tetramethylrhodamine-
conjugated 
 
α-bungarotoxin (R-BTX) was from Molecular Probes,
Inc. (Eugene, OR). FITC-conjugated goat anti-mouse and FITC-con-
jugated goat anti-rabbit secondary antibodies were purchased from
Organon Teknika (Durham, NC). Polystyrene microbeads were from
Polysciences, Inc. (Warrington, PA).
Immunoprecipitation and western blotting
Focal adhesion kinase was immunoprecipitated from Xenopus
embryos at stages 22-25 following the method of M. D. Hens and D.
W. DeSimone (University of Virginia; personal communication).
After the removal of the jelly coat and vitelline membrane, embryos
were solubilized by a 5 minute incubation in solubilization buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
1 mM sodium vanadate, 100 k i.u./ml aprotinin, 1 mM PMSF) with
occasional trituration with a micropipette. Solubilized embryos were
centrifuged at 14,000 g for 10 minutes and the supernatant was
collected and extracted with Freon (1,1,2-trichlorotrifluoroethane;
Sigma) to remove yolk proteins. FAK was immunoprecipitated with
mAb 2A7 for 2 hours at 4°C and the immune complex was collected
by incubation with rabbit-anti-mouse IgG/Protein A-agarose
conjugate for 1 hour. Samples were washed with solubilization buffer
and denatured in SDS sample buffer containing β-mercaptoethanol at
100°C for 3 minutes. In the control, the cell lysate was omitted from
the immunoprecipitation reaction. Instead, rabbit anti-mouse
IgG/Protein A-agarose was added directly to a sample of the mAb
2A7 and the same steps were followed subsequently. 
Lysate and lysate-free immunoprecipitation samples were run on
7.5% polyacrylamide gels, and transferred to nitrocellulose membrane
(Hy-Bond, Amersham), followed by immunoblotting with the poly-
clonal rabbit anti-FAK antibody BC3. FAK signal was visualized by
incubating the blot with HRP-conjugated goat anti-rabbit antibody
and subsequent chemiluminescence detection (using a kit from
DuPont) on X-ray film. 
Preparation of muscle cultures and induction of
sarcolemmal specializations by beads
Muscle cell cultures were prepared from stage 22-25 Xenopus
embryos as previously described (Peng et al., 1991a). Briefly, the sur-
rounding jelly coat and vitelline membrane were removed manually
and the dorsal, myotomal portions were dissected out. The skin was
gently removed after a 30 minute incubation in Ca2+,Mg2+-free
Steinberg solution (60 mM NaCl, 0.7 mM KCl, 0.4 mM EDTA, 10
mM HEPES, pH 7.4). After a second incubation in the same solution
and gentle trituration, nondissociated myotomal pieces were removed
and cells were plated onto glass coverslips in Steinberg medium (60
mM NaCl, 0.7 mM KCl, 0.4 mM Ca(NO3)2, 0.8 mM MgSO4, 10 mM
HEPES, pH 7.4, supplemented with 10% L-15 medium, 1% FBS, and
0.1 mg/ml gentamycin). Cultures were plated and allowed to settle at
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23°C for 1 day, then maintained at 15°C. Cultures were generally used
within 2-7 days of plating.
Polystyrene microbeads (10 µm in diameter) were washed for 30
minutes in 95% ethanol, and rinsed 3 times in PBS. In some experi-
ments, beads were coated with basic fibroblast growth factor (bFGF;
kindly provided by Synergen, Boulder, CO) by incubation in a 100
µg/ml solution of bFGF in PBS at 4°C overnight followed by washing
with culture medium containing 1% FBS. AChR clusters were
induced to form by applying beads to muscle cultures via
micropipette. Beads were allowed to settle onto the cell surface for
10-30 seconds, and then nonadherent beads were rinsed away with
culture medium. Cultures were allowed to incubate for various periods
of time. For visualization of AChR clusters, cultures were fixed for 3
minutes in 95% ethanol at −20°C, rinsed in PBS. Nonspecific binding
sites were blocked with blocking buffer (10 mM MgCl2, 10 mM NaN3
in 20 mM Tris-HCl, pH 6.5, plus 0.8% BSA and 1% cold fish gelatin)
for 30 minutes, and AChRs were labeled with 300 nM R-BTX for 30
minutes. Cultures were rinsed in PBS and mounted in glycerol, and
clusters were visualized using conventional fluorescence microscopy.
Preparation of muscle fibers and cryosections
For preparation of myotomal muscle fibers, Xenopus tadpole tails
were skinned and incubated in 3 mg/ml collagenase in Steinberg
solution for 1.25 hours at 23°C. Dissociated myotomal fibers were
collected by low-speed centrifugation and fixed for 30 minutes in
freshly prepared Luther’s fixative (Luther and Bloch, 1989; 0.5%
paraformaldehyde, 80 mM cyclohexylamine in 10 mM PIPES buffer
containing 10 mM MgCl2 and 10 mM EGTA, pH 6.5). After washing
and permeabilization in washing buffer (10 mM MgCl2 and 10 mM
NaN3 in 75 mM Tris-HCl, pH 6.7) plus 0.5% Brij-58 (Sigma
Chemical Co.) for 30 minutes, fibers were labeled with R-BTX (as
above) and then subjected to the immunolabeling protocol (below).
For the examination of adult Xenopus muscle tissue, leg muscles
from an adult male were dissected, pinned down, and fixed for 3 hours
in 3% paraformaldehyde in PBS, pH 7.4, at 23°C. The tissue was then
washed in 10% sucrose in PBS overnight at 4°C. For preparation of
cryosections, small pieces of tissue that included the tendon were
frozen in liquid nitrogen and isopentane, and 8 µm sections were cut
on a cryostat and mounted on gelatin-coated slides. Sections were per-
meabilized with washing buffer plus 0.5% Brij 58, labeled with R-
BTX, and then subjected to the immunolabeling protocol (below).
Immunocytochemistry
Cultures, tissue sections or myotomal fibers were fixed and labeled as
above with R-BTX, then incubated with mAb2A7 for 2 hours. The
tissue was then rinsed with blocking buffer, incubated with FITC-con-
jugated goat anti-mouse secondary antibody (133 nM) for 1 hour,
rinsed, and mounted in glycerol containing 5% n-propyl-gallate as an
anti-photobleaching agent. For PY immunolabeling, myotomal fibers
were fixed and labeled as above with R-BTX, then incubated with
mAb 4G10 (13 nM) for 2 hours, followed by the FITC-conjugated
goat anti-mouse secondary antibody. In order to minimize phos-
phatase activity that could diminish the PY labeling, all procedures
Fig. 1. FAK in Xenopus embryos
detected by immunoprecipitation with
mAb 2A7 and immunoblotting with
polyclonal antibody BC3. Lane A,
sample containing embryonic lysate;
lane B, sample without lysate. A
specific band at 116 kDa (arrowhead)
was detected in the lysate sample and it
was absent from the lysate-free sample.
Other bands present in both lanes are
non-specific and include heavy and light
chains of the IgG molecules used in the
reaction. 
Fig. 2. FAK immunolabeling at the MTJ in dissociated Xenopus
tadpole myotomal muscle fibers. Tadpole tails were skinned, and
myotomal fibers were dissociated in collagenase. (A) Phase-contrast
image of the tip of one of these multinucleated fibers. Arrowhead
points to the position of a NMJ. Several satellite cells can be
observed in close association with the sarcolemma. (B) FITC-FAK
immunolabeling showing the distribution of FAK along the extent of
the MTJ at the fiber tip. MTJ infoldings are shown by the arrows.
(C) R-BTX-labeling of the NMJ (arrowhead). Comparison of the
FAK labeling with the NMJ (B-C) shows that the this protein is
absent from the postsynaptic AChR clusters.
1488
after fixation were carried out on ice, and all solutions contained 1
mM Na3VO4.
RESULTS
Expression of FAK in 
 
Xenopus embryos
Immunoprecipitation of lysate from Xenopus embryos by mAb
2A7 followed by western blotting with the anti-FAK poly-
clonal antibody BC3 resulted in the detection of a single,
specific band at a relative molecular mass (Mr) of 116,000 (Fig.
1, lane A). This band was absent from the controls, which were
prepared in an identical manner except that the embryo lysate
was not included in the immunoprecipitation reaction (Fig. 1,
lane B). No other lysate-specific bands were observed, sug-
gesting that mAb 2A7 recognizes a Xenopus protein that is
similar in Mr to FAK in other species. 
Immunolocalization of FAK in Xenopus muscle
fibers 
To examine the distribution of pp125FAK in muscle, immuno-
fluorescence studies were carried out on two muscle prepara-
tions: myotomal muscle fibers dissociated from Xenopus
tadpole tails examined by whole mount, and cryosections of
adult Xenopus skeletal muscle. The tail muscle of Xenopus
tadpoles is easily dissociated into small single fibers ideal for
whole-mount studies. The ends of these fibers form typical
MTJs, which remain intact after dissociation with respect to
the sarcolemma despite the loss of tendon. In addition, NMJs
are also located at the ends of these fibers in close proximity
to, yet distinct from, the MTJ. An examination of the distrib-
ution of FAK immunolabeling in Xenopus muscle fibers
demonstrated an interesting pattern as shown in Fig. 2. After
dissociation, the end of the muscle fiber where the MTJ and
the NMJ reside can be seen by whole-mount study (Fig. 2A).
As shown in Fig. 2B (arrows), a concentration of FAK
immunolabeling was observed at the MTJ, which is character-
ized by deep membrane invaginations. FAK labeling was dis-
tinctly localized along these invaginations and was absent from
extrajunctional areas of the muscle fiber. Double staining for
FAK and talin, a focal adhesion protein that has been localized
at the MTJ, with an anti-talin polyclonal antibody (kindly
provided by Dr Keith Burridge, University of North Carolina)
showed an exact registration of these two labeling patterns
(data not shown; see Chen et al., 1990). By double-labeling
with 2A7 and R-BTX, the localization of FAK and the NMJ
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Fig. 3. PY immunolabeling in dissociated Xenopus tadpole myotomal muscle fibers. Tadpole tails were skinned, and myotomal fibers were
dissociated in collagenase. All procedures after fixation were carried out at 4°C, and all solutions contained 1 mM Na3VO4. Two focal planes
(top and bottom rows) of the same cell are presented. Left column (A and C), FITC-PY. Right column (B and D), R-BTX. Note the
concentration of FITC-PY labeling along the extent of the MTJ (filled arrows, A), but also the colocalization of PY at the NMJ (compare open
arrowheads in A and B, and filled arrows in C and D).
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was compared. As shown in Fig. 2C (arrowhead), the NMJ was
located at the fiber tip where there was no detectable FAK
accumulation (Fig. 2B, arrowhead). Therefore, FAK appears
to be a component of the MTJ, but not the NMJ, in these
muscle fibers. 
pp125FAK is a tyrosine kinase, and its activity is thought to
be increased by tyrosine phosphorylation. In addition, FAK has
been shown to be phosphorylated on tyrosine in nontrans-
formed cells (Burridge et al., 1992; Hanks et al., 1992; Kanner
et al., 1990; Schaller et al., 1992). Therefore, in addition to
FAK accumulation, we examined whether PY was also
localized at the MTJ. Dissociated myotomal fibers were
Fig. 4. FAK immunolabeling in adult Xenopus leg muscle. Cryosections (8 µm) were labeled with R-BTX and subjected to the immunolabeling
protocol. (A-E) FITC-FAK. (F) R-BTX. (A) FAK labeling caps the tips of muscle fibers (filled arrows) as they insert into the tendon at the
MTJ. Labeling decreases dramatically along the edge of the fibers moving away from the junctional area (open arrowheads). (B) A higher
magnification image of a single fiber, showing the MTJ infoldings labeled with FAK at the tip, labeling along the proximal edge of the fiber,
and the decrease in staining further away from the tip. (C) Control in which the primary 2A7 anti-FAK mAb was preincubated with lysate of
SF21 cells expressing FAK cDNA. (D) A low level of FAK immunolabeling (open arrowhead) is observed along the sarcolemma at
extrajunctional regions of the muscle. (E-F) The same low level of FAK labeling along the sarcolemma (E, filled arrows) is observed at the
NMJ (F), but no concentration of FAK is observed. The bright structures in (E-F) are most likely autofluorescence due to satellite cells.
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labeled with R-BTX as before, and then subjected to the anti-
PY immunolabeling protocol. Fig. 3A and C shows, in two
different focal planes, that PY immunolabeling was concen-
trated at the MTJ (filled arrows in A), similar to the distribu-
tion of FAK immunolabeling. In addition, PY was also con-
centrated at the NMJ (open arrows in Fig. 3A-B and filled
arrows in C-D). These results are consistent with previous
studies demonstrating that PY is accumulated at AChR-rich
domains of the sarcolemma (Baker and Peng, 1993; Qu et al.,
1990; Wallace et al., 1991). In addition, these results show that
PY-containing proteins are concentrated at the MTJ in regis-
tration with FAK-positive membrane domains.
A similar pattern of FAK labeling was observed in adult
Xenopus leg muscle. In longitudinal cryosections labeled with
R-BTX and mAb 2A7, FAK staining capped the ends of
muscle fibers (Fig. 4A, filled arrows) as they insert into the
tendon at the MTJ. The intensity of the staining dropped dra-
matically along the sides of the fibers moving away from the
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Fig. 5. Concentration of FAK immunolabeling at AChR hot spots. Embryonic Xenopus muscle cells were plated and maintained in culture for
several days. Left column, R-BTX. Right column, FITC-FAK. (A-B) Several AChR hot spots show colocalized FAK labeling. Several
examples are shown by the arrows. This high level of colocalization was the pattern most often observed. Less often, AChR clusters did not
demonstrate coextensive FAK accumulation. (C-D) Three AChR hot spots have formed (arrowheads), but only two show FAK labeling.
(E-F) Two hot spots have formed (arrowheads), but neither shows an accumulation of FAK labeling.
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MTJ area (open arrows). At higher magnification (Fig. 4B),
FAK staining along individual infoldings of the MTJ can be
discerned. The edge of the fiber near the tip does not possess
infoldings, but FAK labeling was observed. Absorption of
mAb 2A7 with lysate from SF21 cells expressing recombinant
FAK completely abolished FAK immunolabeling (Fig. 4C). As
adult muscle is innervated in the middle of the myofiber, no R-
BTX labeling was observed near the MTJ in these fibers. Along
the length of the sarcolemma away from the MTJ, only a low
level of FAK staining was seen (Fig. 4B and D, open arrows
and E, filled arrows). FAK labeling was not intensified at the
NMJ (Fig. 4F, filled arrows, compare with paired FAK image
in E). These results are consistent with those obtained with dis-
sociated fibers described above, demonstrating that FAK
immunolabeling is concentrated at the MTJ, as opposed to the
NMJ, and suggest that FAK may play a role in the generation
and/or maintenance of the MTJ.
Immunolocalization of FAK in cultured muscle cells
When cultured Xenopus myotomal muscle cells were labeled
for FAK, a distinct pattern of localization was observed. In
addition to a diffuse, punctate labeling pattern, FAK was colo-
calized with AChR hot spots, which are clusters that often form
at sites of cell-substratum contact (Fig. 5). Most of the FAK-
enriched membrane domains were colocalized with AChR
clusters as shown in Fig. 5A-B. In this example, there is a clear
FAK concentration at AChR clusters (arrows), even though the
membrane domains occupied by these two proteins were not
completely congruent. Less often, a pattern was observed
where AChR clusters were not associated with FAK. In Fig.
5C-D, only two out of three AChR clusters (C) showed colo-
calized FAK labeling (D). Another example is shown in Fig.
5E-F, in which no discernible FAK accumulation was observed
at AChR clusters (arrowheads) above the diffuse, punctate
labeling (F). FAK immunolabeling was also observed in
fibroblast-like cells at sites of focal adhesion (data not shown).
However, the labeling was very faint compared with the robust
staining observed in muscle cells.
Several control experiments were conducted to assess the
specificity of the FAK staining patterns in cultured muscle
cells. First, localization of FAK at AChR hot spots was not
observed with 2A7 preabsorbed with lysate of SF21 cells trans-
Fig. 6. Control of FAK immunolabeling at AChR
hot spots in cultured muscle cells. Left column,
R-BTX. Right column, FITC-FAK. (A-B) 2A7
was preabsorbed with 20-fold excess recombinant
FAK expressed by transfected SF21 cells. The
FAK labeling at AChR clusters was abolished.
(C-D) Preincubation of mAb 2A7 with lysate
from non-transfected SF21 cells had no effect on
FAK labeling at AChR clusters.
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fected with a FAK cDNA (Fig. 6A-B). Control lysate from
untransfected SF21 cells had no effect in 2A7 labeling (Fig.
6C-D). Omission of the primary antibody also abolished FAK
labeling. Furthermore, cells fixed with 3% paraformaldehyde,
but not permeabilized, showed only a diffuse background, but
no localized labeling. 
Innervation induces AChR clustering along the site of nerve-
muscle contact. To determine whether FAK was localized at
the NMJ in culture, nerve-muscle cocultures were also labeled
with mAb 2A7. As shown in Fig. 7 (arrows), FAK immunola-
beling was absent from AChR clusters associated with nerve
contact. This result is consistent with the lack of FAK accu-
mulation at the NMJ in vivo. 
Induction of FAK localization by beads
Polystyrene microbeads have been used as a controlable
stimulus for the induction of AChR clusters and MTJ-like spe-
cializations in cultured Xenopus muscle cells (Rochlin et al.,
1989; Peng and Chen, 1992; Peng et al., 1991b). In this study,
we examined whether FAK localization can also be induced
by beads in cultured muscle cells. Native (uncoated) or bFGF-
coated beads were applied to muscle cultures and labeled with
R-BTX and mAb 2A7 after a 24 hour incubation. Both types
of beads were effective in inducing the formation of AChR
clusters and FAK localization. Results obtained from the use
of native beads are shown. As shown in Fig. 8A,B, FAK was
concentrated discretely at bead-muscle contacts where AChR
clusters developed. As with hot spots, this high level of colo-
calization was the pattern most often observed, although the
patterns of FAK and R-BTX staining were often not exactly
congruent. This is seen clearly in the example presented in Fig.
8C,D, in which FAK is observed at a portion of the contact site
of a single bead that lacked clustered AChRs (arrow in D), as
well as at the AChR-rich site. Less often, AChR clusters were
formed that did not show a significant accumulation of FAK.
An example is shown in Fig. 8E-F, in which a single bead
induced two distinct AChR clusters on two muscle cells (E) as
denoted by arrows. Only one of these clusters (to the left)
demonstrated a discernible FAK concentration (F). In addition,
FAK was sometimes observed in the absence of detectable
AChR clustering. For example, in Fig. 8G-H, three bead
contacts induced FAK accumulation (H) as denoted by arrows,
but only two show clustered AChRs (G). This pattern was not
observed at AChR hot spots.
These results demonstrate that although FAK is most often
colocalized with clustered AChRs induced by the culture sub-
stratum and by beads, both FAK and AChR accumulation can
occur independently of each other, consistent with the hypoth-
esis that the beads present different stimuli to the muscle cell
for the two types of sarcolemmal specializations. 
A time-course study of the development of FAK labeling
relative to AChR cluster formation at bead contacts demon-
strated that FAK accumulated relatively late. After 16 hours of
bead contact, the percentage of contacts that induced AChR
clusters had plateaued at approximately 80% (Fig. 9).
However, only 30% of contacts demonstrated colocalized FAK
labeling at this time. After 24 hours, 50% of contacts showed
FAK accumulation, and after 48-72 hours 96% of the contacts
that induced AChR clustering also demonstrated FAK accu-
mulation. Examination of an earlier time point (6 hours) did
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Fig. 7. No FAK immunolabeling is detected at NMJs formed in
culture. (A) Phase-contrast image of a neurite-muscle cell contact
(arrows). (B) R-BTX labeling of an AChR cluster induced to form
along the extent of the nerve-muscle contact, indicative of a
functional NMJ. (C) FITC-FAK immunolabeling showing the lack of
FAK accumulation at the NMJ.
Fig. 8. Concentration of FAK immunolabeling at AChR clusters
induced by polystyrene beads; 10 µm beads were applied to muscle
cells and cultures were incubated for 24 hours. Left column, R-BTX.
Right column, FITC-FAK. (A-B) Four bead contacts induced AChR
clusters and colocalized FAK labeling (arrows). (C-D) A single bead
contact induced AChR clustering with colocalized FAK, as well as
an accumulation of FAK at a site lacking AChRs (arrow). (E-F) A
single bead contact induced clustering at two distinct sites on two
muscle cells (arrows), but only one of these sites demonstrates FAK
accumulation. (G-H) Three beads induced FAK accumulation
(arrows), but only two of these sites show clustered AChRs.
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not result in the detection of FAK labeling at any bead contacts,
although AChR clusters were already clearly visible (data not
shown). Fluorescence images showing the development of
FAK labeling at bead contacts are shown in Fig. 10. By 16
hours, contact sites that demonstrated a discernible concentra-
tion of FAK labeling showed a light, punctate labeling (Fig.
10A-C). By 48 hours (Fig. 10D-F) the intensity of FAK
labeling increased, and by 72 hours (Fig. 10G-I), FAK labeling
appeared to be brighter than the AChR signal at many contacts.
These studies demonstrate that the development of FAK local-
ization is a slower process than the clustering of AChRs. The
time course of FAK accumulation at bead contacts is similar
to the development of MTJ-like membrane invaginations at
bead contacts (Peng and Chen, 1992; Rochlin et al., 1989),
consistent with the evidence that FAK is a component of the
MTJ.
DISCUSSION
Using a monoclonal antibody that was generated against
chicken FAK, we have demonstrated that FAK is concentrated
at the MTJ in Xenopus skeletal muscle fibers, and is colocal-
ized with PY-containing proteins. However, FAK is not con-
centrated at the NMJ, even though it is present in close
proximity to AChR clusters formed by cultured muscle cells.
In addition, an accumulation of FAK can be induced in a
spatially and temporally defined manner by beads in cultured
muscle cells. 
The 2A7 mAb recognizes the C-terminal region of chicken
FAK (Schaller et al., 1992). Molecular cloning has shown the
existence of a 41-43 kDa alternatively spliced form of FAK
that does not possess the tyrosine kinase domain. This
protein, named FRNK (FAK-related non-kinase), is
composed of the C-terminal region of FAK and is recognized
by mAb 2A7 (Schaller et al., 1992). The cellular distribution
of FRNK is similar to FAK and the PY level of FRNK also
increases upon plating cells on ECM (Schaller et al., 1992).
Our immunoprecipation and western blot studies using the
anti-FAK antibodies 2A7 and BC3 showed only a single,
specific band at a molecular mass close to that of FAK in
other species in Xenopus tissue. In addition, preabsorptin of
mAb 2A7 with recombinant FAK abolished the immunola-
beling. Thus, 2A7 appears to be a specific probe for FAK in
this system. 
During muscle contraction, a large force load is exerted on
the sarcolemma at the MTJ (Tidball and Daniel, 1986).
Through a system of elaborate membrane invaginations, this
load is distributed over a large expanse of the membrane area,
thus ensuring the integrity of the sarcolemma. Although the
signal transduction mechanism for the formation of this highly
specialized sarcommal junction is unknown, previous studies
have documented an extensive array of proteins that are con-
centrated along the invaginated MTJ membrane. These include
the ECM components laminin, fibronectin and tenascin
(Swasdison and Mayne, 1989; Chiquet and Fambrough,
1984a,b), integral membrane proteins such as the integrin
(Bozyczko et al., 1989; Swasdison and Mayne, 1989), and
peripheral membrane proteins such as talin, vinculin, tensin,
paxillin, dystrophin, utrophin, 58K protein and FAK as
described here (Chen et al., 1990; Peng and Chen, 1992;
Tidball et al., 1986; Khurana et al., 1991; Turner et al., 1991;
Rochlin et al., 1989; Bockholt et al., 1992; Shear and Bloch,
1985). This list bears a striking resemblance to the molecular
specialization at focal adhesions in cultured cells. Recent
studies have shown that FAK activation may play a pivotal role
in the development of focal adhesions triggered by cell-ECM
interactions mediated by integrin (Burridge et al., 1992). The
concentration of FAK at the MTJ as revealed in this study
suggests a role in the formation of the MTJ. The localization
of integrin at the MTJ and the fact that the MTJ-ECM inter-
action is divalent cation-dependent (Law and Lightner, 1993)
in a manner analogous to the integrin-ECM interaction (Hynes,
1992; Guan et al., 1991; Ruoslahti and Pierschbacher, 1987)
suggest that the activation of an integrin-mediated mechanism
may also underlie the biogenesis of this specialization. This
might be accomplished by the local presentation of ECM
ligands, for example fibronectin, which is present within the
developing tendon to integrin within the sarcolemma. There is
evidence that during myogenesis, a basement membrane
appears early at the site of MTJ formation (Tidball and Lin,
1989). This basement membrane, probably contributed in part
by neighboring fibroblasts, may provide the local signal for
MTJ development. 
With respect to the formation of focal adhesions, recent
studies have shown that tyrosine kinase activation is involved
in the signal transduction process (Juliano and Haskill, 1993;
Zachary and Rozengurt, 1992). When cells are plated on ECM-
coated substratum, a number of proteins, including FAK,
become tyrosine-phosphorylated within several minutes
(Burridge et al., 1992; Kornberg et al., 1991; Guan et al.,
1991). In this regard, it is of special interest that the MTJ was
labeled by the anti-PY antibody (mAb 4G10) as shown in this
study. It is conceivable that the activation of tyrosine kinases
is also integral to the inductive process for the development
this sarcolemmal specialization. Although the identity of the
















Fig. 9. Time course for the development of FAK immunolabeling
relative to AChR cluster formation at bead contacts; 10 µm beads
were applied to cells and allowed to incubate for various times. By
16 hours the percentage of beads that induced AChR clusters had
plateaued at 80%, whereas only 30% of contacts demonstrated FAK
labeling. By 24 hours, 50% of contacts showed FAK accumulation,
and by 48-72 hours, almost all of the bead contacts that induced
AChR clustering also induced FAK accumulation. 160 cells were
analyzed per time point over two experiments. Values are mean ±
s.e.m.
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PY-containing proteins at the MTJ has not been established,
FAK may be one substrate. The concentration of PY immuno-
labeling at the MTJ is consistent with the fact that FAK is a
tyrosine kinase, and is basally phosphorylated on tyrosine in
normal nontransformed cells (Burridge et al., 1992; Hanks et
al., 1992; Kanner et al., 1990; Schaller et al., 1992). However,
this labeling may also be due to other PY-containing proteins,
for example paxillin and tensin, which have been suggested to
be substrates for FAK (Turner et al., 1993; Bockholt and
Burridge, 1993; Bockholt et al., 1992). In addition to the MTJ,
we have also shown that PY immunolabeling was localized at
the NMJ in these fibers in consistency with previous data
(Baker and Peng, 1993; Qu et al., 1990). Thus, the activation
of tyrosine kinases may be integral to the induction on both of
these sarcolemmal specializations. 
Our previous studies showed that latex beads can induce
Fig. 10. Fluorescence images of the development of FAK immunolabeling relative to AChR cluster formation at bead contacts; 10 µm beads
were applied to cells and allowed to incubate for various times. Left column, R-BTX. Middle column, FITC-FAK. Right column: phase-
contrast. (A-C) By 16 hours, AChR clusters are well formed, but the relatively small number of contacts that induce FAK accumulation
demonstrate a light, punctate FAK pattern. (D-F) By 48 hours, the intensity of FAK labeling increased, and the pattern more closely
approximated the pattern of clustered AChRs. (G-I) By 72 hours, the intensity of FAK labeling increased even more, and appeared to be
brighter than the AChR signal at many contacts.
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both NMJ- and MTJ-type specializations in cultured Xenopus
myotomal muscle cells (Baker et al., 1992; Peng and Chen,
1992). From the in vivo data presented in this work and the
absence of FAK at nerve-muscle contacts in vitro, we
conclude that FAK concentration at bead-muscle contacts is
related to the MTJ-type specialization at these sites. The
observations that FAK can concentrate at bead contacts in the
absence of AChRs, and vice versa, and the late accumulation
of FAK relative to AChR clustering at bead contacts, lend
further support to this notion. In addition, the lack of a precise
registration of FAK with AChR clusters at bead-muscle
contacts is also true for dystrophin, another molecule that is
preferentially associated with the MTJ in Xenopus myotomal
muscle fibers (Peng and Chen, 1992). The induction of both
of these sarcolemmal junctions by beads may be mediated by
activation of tyrosine kinases. For MTJ development, the
stimulus presented to the muscle cell by beads may be
analogous to that presented to cultured fibroblasts by the sub-
stratum-associated ECM during the formation of focal
adhesions. We envision that ECM molecules, such as
fibronectin, which are either predisposed on the surface of the
muscle cell or are newly deposited, are locally presented to
integrins at bead-muscle contacts, activating integrin-
mediated tyrosine phosphorylation locally and resulting in the
assembly of the junctional specialization. In comparison,
ECM molecules within the basement membrane at the site of
MTJ development may provide this kind of stimulation to the
muscle fibers in vivo.
In contrast to the MTJ, NMJ induction involves a cell-to-
cell interaction between nerve and muscle. There is evidence
that tyrosine kinase activation may be involved in the cluster-
ing of AChRs (Peng et al., 1991b; Baker et al., 1992), a key
event in the development of the NMJ. However, a number of
MTJ-associated molecules, including integrin, talin, vinculin
and paxillin, are also present at the postsynaptic membrane
(Bozyczko et al., 1989; Sealock et al., 1986; Turner et al.,
1991; Bloch and Hall, 1983). In addition, postsynaptic folds
may represent a diminutive form of MTJ membrane invagina-
tions. Thus, the mechanisms for the development of these two
specializations may overlap to some extent. Ultrastructural
studies have shown that AChRs only occupy the apical portion
of the postsynaptic fold and are absent from its bottom (Fertuck
and Salpeter, 1976). AChR clusters in cultured muscle cells
can also be subdivided into AChR-rich and -poor domains
(Bloch and Pumplin, 1988). Thus, it is conceivable that the
NMJ is actually a hybrid structure consisting of AChR-rich and
AChR-poor domains, and the latter may somehow be related
to the MTJ specialization. The simplicity and effectiveness of
beads as a stimulus for both of these specializations may permit
dissection of the cellular and molecular machinery underlying
their development. 
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